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 
Abstract— This paper presents design, construction, and 
evaluation of a micropump for drug delivery applications. The 
proposed micropump consists of three components: fluidics, 
electronics, and software. The fluidics component includes a 
silicone elastic diaphragm, a microservo, housing and two 
check valves. The diaphragm is modeled and simulated to 
establish its geometrical specifications. The housing is built 
using a rapid prototype machine. The electronics component 
consists of a microcontroller, a microswitch array, a simple 
display and a power unit. The software component is written in 
C and receives inputs from user, controls the microservo speed 
and displays the programmed speed. A number of experiments 
are conducted to evaluate the performance and capabilities of 
the micropump. The experiments focus on measurement of 
flow rate, dosage and duration of operation. A discussion of the 
performance and capabilities of the developed micropump is 
also given.   
I. INTRODUCTION 
ICROLIQUID delivery systems are capable of 
dispensing small quantities of biochemical agents 
within flow rates of micro/milliliters per minute. They can 
be used in a variety of medical and biological applications 
including drug delivery and lab-on-a-chip platforms. 
Drug delivery devices transport and dispense therapeutic 
agents using a wide range of technologies. They employ a 
fluid actuation approach that must be accurate, robust, 
biocompatible, low cost and disposable [1]. Many successful 
approaches have been developed for microfluid actuation 
and delivery. Among the exiting approaches, micropumps 
have established a good reputation as a robust liquid delivery 
method in a host of important applications.   
Micropumps are developed by using several actuation 
and/or flow transfer methods, such as diaphragm valve [2], 
piezoelectric [3], peristaltic [4], and electroosmotic [5]. 
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Some micropumps have complex structures whilst others do 
not. Similarly, some micropumps have low power 
consumption while others do not.  
An excellent review of micropumpts has been published 
by Laser and Santiago [6]. They categorise micropumps into 
two main categories: displacement and dynamic. In the 
former, pressure forces are applied on the fluid through 
moving boundaries. In the latter, on the other hand, energy is 
constantly injected directly into the fluid to increase its 
momentum or pressure. 
The majority of micropumps are of displacement type 
including reciprocating (diaphragm or piston), rotary or 
aperiodic micropumps. They often use moving boundaries 
or changing of chamber volumes to apply forces to the fluid 
in a repetitive manner. These micropumps are common in 
liquid cooling and small water transfer. They are also 
employed in portable medical devices. Schimelman [2] 
reviewed the performance of several reciprocating 
displacement micropumps for portable medical devices. The 
most common micropump is the miniature diaphragm pump 
that uses an elastomeric component to transfer the fluid. A 
moving mechanism increases and decreases the volume of a 
chamber, thus producing a force which draws fluid through 
the chamber. This device can control and deliver fluid flows 
in the micro/milliliter levels.  Advantages of diaphragm 
micropumps include an oil free operation, low leakage, and 
high reliability [7].  
Stemme and Stemme [8] developed a valveless 
micropump consisting of a circular cylindrical volume 
where the top-side had a diaphragm to which a piezoelectric 
device was attached. The device had a fixed flow rate of 15.6 
mℓ/min. Ma et al. [3] developed a thin and compact 
lightweight diaphragm micropump which can actuate liquid 
via the vibration of a diaphragm. It also incorporates a 
piezoelectric device which can change the chamber volume 
of the pump. The cross section of the pump is small (28 mm 
× 5 mm) and enclosed within an aluminum casing.  The flow 
rate generally is controlled by the rate of the input frequency. 
Several parameters contribute to a good piezoelectric 
diaphragm micropump. These include the effects of 
actuating frequency on flow rates, diaphragm valve 
thickness and design, valve length and shape, performance 
under pressure, type of piezoelectric device, chamber 
volumes, input voltage and frequency. 
A peristaltic micropump is a displacement pump in which 
the valve does not make contact with the transferring liquid. 
Peristaltic micropumps are suited for fluid handling 
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applications especially in lab-on-a-chip platforms [9]. The 
conventional peristaltic micropump can be found within 
medical equipment. Conventional drip devices attached to 
patients use peristaltic technology. The micropump consists 
of a flexible tube placed inside circular pump housing. The 
housing includes moving rollers compressing the flexible 
tube and applying a force to the fluid present within it. Jang 
et al. [10] developed a standalone peristaltic micropump 
based on piezoelectric actuation. Pan et al. [4] presented a 
magnetically driven PDMS peristaltic micropump. The 
advantage of these micropumps is that only the replaceable 
tube contacts with the transferring fluid.  
Dynamic micropumps operate based on interactions 
between the transferring fluid and an electromagnetic field. 
These micropumps are growing within the boundaries of 
research into the field of microfluidics [6]. Electrokinetic 
micropumps are attractive in microfluidic lab-on-a-chip 
devices. They can operate without any moving parts and 
generally use low alternating potentials which can be easily 
generated from a battery. Chen et al. [11] developed a 
micropump that uses an electromagnetic force to generate a 
tangential motion of fluid with respect to an adjacent 
charged surface. Research presented by Wu [12] outlined 
different alternating current and direct current methods and 
their advantages and disadvantages in electrokinetic fluid 
transfer. 
Dynamic micropumps today are available but at a high 
cost. Some types of dynamic micropumps require the 
addition of an ionisable substance in order to transfer the 
liquid using an electromagnetic field. Therefore, due to the 
shear availability and cost reduction in recent years, 
displacement diaphragm pumps tend to be a logical choice 
outweighing other fluid transfer methods for common 
applications. 
The paper is organised as follows. Section II presents the 
proposed micropump. Section III gives the experimental 
results. Section IV provides a discussion of the experimental 
results. Finally, concluding remarks are given in Section V. 
II. PROPOSED MICROPUMP 
The proposed micropump consists of three components: 
fluidics, electronics, and software.  These components are 
described in details in the following. 
A.  Fluidics 
This component performs the role of actuating the 
transferring liquid. Several design considerations are taken 
into account including: (i) displacement actuator housing, 
(ii) size of pump in respect to flow rate, (iii) cross 
contamination, and (iv) disposable cost effectiveness. 
However, the main objective is to be able to effectively 
transfer liquids where no cross contamination can occur 
between the liquid being transferred and the actuation 
system.   
Fig. 1 shows the block diagram description of the 
mechanical delivery system. A simple structure is designed 
that includes an elastic diaphragm material with the ability to 
be actuated by a mechanical displacement device. It has a 
cubic formation with one side left hollow open in which the 
diaphragm is placed. The diaphragm is sandwiched by the 
second housing component. Additionally, the structure has 
connectors to which tubes are attached.  
Two check valves are used to create a constant flow by 
enabling the diaphragm to only actuate fluid in the desired 
direction. In this case, the positive stroke of the diaphragm 
allows the chamber to create a suction pressure which 
induces the fluid from the source tube into the chamber of 
the delivery system. From here, the upcoming negative 
stroke forces the fluid in the chamber to exit the chamber in 
only one direction into the destination tube. Several different 
types of check valves were investigated and had their 
performance evaluated against the pressure and flow 
specifications. The chosen valves were found to require at 
least 1.0 PSI backpressure to achieve a tight seal.  
Commercially available clear vinyl tubes were selected as 
the bridge between the supply tank, micropump, and the 
delivery application.  The diameter of tubes is chosen as 5 
mm. 
 
 
Fig. 1.  Block diagram description of the mechanical delivery system. 
 
To construct the diaphragm, a material that is commonly 
available, cheap, strong, and long lasting needs to be used. A 
number of materials are considered with regard to elasticity 
and withstanding backpressure. Also, consideration for 
mechanical wear and chemical reactivity is taken into 
account. Tested materials included latex, PDMS, rubbers, 
silicone and other rubber composites. From our testing 
exercises, silicone sheet proved to be suitable for the 
prototype version of our micropump. 
Since the micropump is aimed for drug delivery 
applications, the specification of flow is selected in the 
milliliter range. This is the commonly applied rate in drug 
delivery. The flow range is in respect to the changing of 
chamber volume of the micropump and how fast the 
operation is repeated. During the CAD design and 
simulation phase (see Fig. 2), the volume between the ends 
of the diaphragm was modeled for ±10mm. The area 
represents the changing of the chamber volume for one full 
 
 
 
cycle. The desired liquid flow rate was calculated in 
SolidWorks with respect to the number of cycles which must 
take place. 
 
 
Fig. 2.  CAD model of the diaphragm. 
 
The actuation mechanism of the diaphragm in the 
micropump should displace it positively and negatively in 
equal distances. Several actuation techniques were 
investigated and tested in order to achieve the desired 
solution. They include: 
a. Piezoelectric: Piezoelectric materials have the 
property of creating an electrical potential when 
forced upon a mechanical stress and vice versa. 
Sample materials are tested and compared to 
datasheets for displacement and force output. They 
were found to be rather expensive requiring a well 
built housing. Due to their minimal displacement, the 
required suction and pressure could not be achieved. 
Therefore, not enough pressure could be formed to 
actually break the seal of the check valves. 
b. Electromagnet: Electromagnet requires an electric 
current flow to create a magnetic field. A permanent 
magnet is attached to the diaphragm and an 
electromagnet is fixed above it. Pulsing electric 
current into the electromagnet in both directions 
creates attraction and opposition between the 
magnets actuating the diaphragm.  Through testing 
we found that the actual forces produced by the 
magnet required a much bigger current to become 
usable.  Other factors such as magnet alignment also 
were important as well. 
c. Linear Actuators: Linear actuators apply force in a 
linear rather than rotational manner. We attached the 
end of the actuator on the diaphragm and used the 
displacement to actuate the diaphragm.  However, the 
large size of the linear actuator became an issue 
because it increased the pump size. 
d. Servo Motors: Electric motors convert electrical 
energy to mechanical energy in a rotational manner. 
Servo motors use electric motors to create 
mechanical force. In addition, they incorporate 
error-sensing feedback to automatically correct their 
performance. A low cost microservo was identified 
that provides an adequate force which can satisfy the 
micropump requirements. It has a small size and low 
power consumption. The cost and size factors were 
major advantages in selecting this actuation method 
in the final design.  
 
In order to make the microservo rotate more than its 
natural 90o rotation to a full 360o rotation, modifications 
were made to the internal mechanics. The gearing structure 
had be changed by removing physical hard-stops which are 
designed to restrict the range of motion. This was a carefully 
conducted task as the gearing structure was small and 
delicate. The component that was blocking the gear rotation 
was removed and the feedback potentiometer was centered 
and removed (see Fig. 3). Lastly, the microservo was 
reassembled.  
The housing was designed around the selected microservo 
as the microservo’s lever was required to be positioned 
perfectly in the centre of the diaphragm. Carefully 
monitored tests were conducted to see if the microservo had 
enough force to successfully actuate the diaphragm. The 
microservo also was required to actuate the diaphragm both 
positively 10mm and negatively 10mm. To achieve this, a 
metal lever or CAM was built to extend the microservo’s 
horn to the plastic connector which was attached to the 
silicon diaphragm (see Fig. 4). Two pivot joints with one 
degree of freedom were used to achieve this movement. The 
metal lever was calculated in the CAD testing and measured 
to obtain an optimal length to satisfy the ±1 cm of 
displacement. The ends of the CAM were screwed in at the 
diaphragm attachment as well as the servo horn ends.  
 
 
Fig. 3.  Microservo gearing. 
 
The device housing came under a lot of consideration as 
to how it should be constructed. Since our options were 
limited due to cost constraints and availability of actuation 
methods, several prototype systems were conceptualised and 
built. In the early stage of the housing design and 
construction, it was decided to use a small cast metal box as 
the first version of the micropump’s housing (see Fig. 5a). 
The housing’s top plate was cut out using a milling machine. 
Here, also drilling and gluing took place in order to create 
 
 
 
the inlet and outlet for the housing which the fluid would 
flow through and the tubes would connect to. 
To further decrease the size and also satisfy the build 
specifications, it was decided that the most feasible method 
was to build the housing structure using a Rapid Prototype 
machine. This second revision was drawn in CAD and then 
fabricated (see Fig. 5b). Standard M4 screws/nuts were used 
to sandwich the two housing components together.  
 
Fig. 4. Connection of microservo to the diaphragm. 
 
 
 
Fig. 5. Fluidics component, (a) version 1, and (b) version 2. 
 
B. Electronics 
Several possible controller hardware types were identified 
including standard microcontrollers, FPGAs, PLCs and so 
on. These devices can be found commonly controlling real 
world systems. The standard microcontrollers have been 
rapidly advancing with higher clock speeds and more 
powerful processing capabilities. They are often cheap and 
small in size. A popular microcontroller, the Atmel AVR 
128MEGA was selected as the central processor. It has 
numerous ports which can be accessed allowing a wide 
range of interconnectivity. It is used as the hardware 
controller of our micropump and also as the manager for 
other components of the system (see Fig. 6). All hardware 
devices are connected to this controller.  
The interface between the microcontroller and microservo 
consists of three pins: power supply, pulse width modulation 
(PWM) signal line, and common ground. A basic 
microswitch array was used to receive information from the 
user. A simple set of 10 input buttons connected to a port on 
the micro controller were used for the user to program the 
system for different speeds of the micropump. The user 
output display consists of 7-segment display modules. These 
modules are driven by 7-segment display drivers which 
simplify the design. The display informs the user about the 
speed of the micropump in conjunction with the user input 
board. The power unit supplies a 5 V power to the 
microservo. A power LED is used to show that a battery is 
connected to the system and power is live. Fig. 7 shows the 
first prototype of the electronics component. Whilst we have 
not made an attempt to downsize this hardware yet, it can 
surely be miniaturised and incorporated inside the fluidics 
component. 
 
 
Fig. 6. Block diagram description of the electronics component. 
 
C. Software 
Fig. 8 outlines the flowchart description of the software 
operation. The role of the software component is to receive 
the desired speed from the user, set the microservo speed to 
operate at the desired speed, and show the set speed to the 
user. The codes are written in C. As can be seen, the control 
is achieved through an open-loop approach. It will be 
discussed in the next section how the flow rate is associated 
with the microservo speed. 
 
 
Fig. 7. Prototype of the elelctronics component. 
III. RESULTS 
A series of experiments were conducted to record data 
that could show the capability and performance of the 
system. We focused on the observation and recording of: 
flow rate, dosage, and duration of operation. The measured 
accuracy of the overall system was also compared with 
calculated values from our CAD modeling in some tests. 
Fig. 9 shows a flowchart representation of the experimental 
procedure. All tests were conducted with tap water. 
 
 
 
The flow rates were measured using conventional 
methods. The testing simply consisted of timing the flow 
rates in respect to the lowest speed to the highest speed and 
recording the volume in the destination container after a 
minute. Observations were measured in milliliters per 
minute. The recorded flow rate value at the lowest possible 
speed was 21 ml/min, and at the highest possible speed was 
157 ml/min. 
 
 
Fig. 8. Block diagram description of the software component. 
 
The dosage was recorded with respect to the number of 
full revolutions compared to the output volume. As 
expected, a linear type output was experienced. The 
accuracy and repeatability were within ±10%. Fig. 10 and 
Fig. 11 show the calculated versus the measured dosages in 
respect to the revolutions of the pump. The recorded values 
are slightly lagging the calculated values. The reason for this 
lagging is given in the next section. 
 
 
Fig. 9. Experimental procedure. 
Operation time was tested to get an indication of the 
lifespan of the micropump. This helped us understand what 
parts of the system must be reviewed in order for the system 
to become more functional. A number of tests were 
conducted. The most notable being a 6-hour run of the pump 
which showed slight damage in the plastic gearing teeth in 
the servos gearbox, which ultimately showed a rougher 
moving and noisier servo. This issue is mainly due to cheap 
plastic servos being used where the force of the actuation is 
slowly wearing down on the gearing. Additionally leaks 
were detected from the sandwiching of the diaphragm. 
 
 
Fig. 10. Volume versus revolution calculated through CAD modeling. 
 
 
Fig. 11. Volume versus revolution (calculated and measured values plotted 
on same graph). 
IV. DISCUSSIONS 
The flow rates and dosage of the micropump were 
pre-calculated and then compared to the observed values. 
The error component between calculated and measured 
values is explained by such factors as: air leak in the system, 
pressure drop due to long lengths of tubes, manual 
measurement (e.g. counting revolutions, timing etc), wear 
on silicone diaphragm over time (elasticity changing over 
time), and errors in measurement equipment (scales, timers, 
etc). 
Future developments will include pressure measurements 
as this would greatly improve the knowledge of where and 
 
 
 
how the system can be improved. Also when specifying a 
delivery system, usually pressure must be known because 
certain pressures can be undesirable or desirable in different 
systems. 
Furthermore, the system has the capability of reaching 
much lower dosages. With further software and hardware 
modifications, the current prototype has the functionality of 
producing flow rates and dosages much lower than the stated 
results. The control of the microservo can be modified to 
only for example rotate 1/8 of the revolution and thus 
producing a 1/8 of the amount of a full revolution. 
The prototype version successfully offers a low-cost 
approach in microliquid delivery systems. The proof of 
concept can now be further miniaturised and modified to 
match the desired application specifications. Other 
considerations are as follows: 
a. A sensor can be used to monitor revolutions for 
feedback control and CAM angle 
b. A sensitive scale can be used to weigh the dosages 
and thus acquire more accurate results 
c. Addition of a sensor to measure diaphragm 
displacement forces and used in material selection 
d. System pressure measurement and logging 
e. Fuzzy logic feedback approach for system control 
 
Finally, the price of the mass produced version of the 
micropump is expected to be very low and affordable 
making it easily disposable. 
V. CONCLUSION 
Portable micro liquid delivery systems are a growing area 
of research for a variety of applications.  In particular, drug 
delivery devices employ a fluid actuation approach that must 
be accurate, robust, biocompatible, low cost, and disposable. 
This paper presented the design, construction, and 
evaluation of a micropump for drug delivery applications. 
The micropump includes three parts: fluidics, electronics, 
and software. Software modeling and simulation and rapid 
prototyping were employed to design and construct the 
fluidics part. A number of experiments were conducted to 
evaluate the performance of the micropump. Such factors as 
flow rate, dosage, and duration of operation were measured 
and compared against calculations from the modeling 
exercise. The micropump has an array of possible 
applications. The goal of creating a cost effective disposable 
microliquid delivery system suitable for drug delivery was 
demonstrated. 
ACKNOWLEDGMENT 
We would like to thank Rod Seiffert, Robynne Hall, and 
Rob Crittenden for their help and support.  
REFERENCES 
[1] V. Nock, “Optimization of novel thermally activated single-use 
valves and pumps for minimally invasive transdermal drug delivery 
and lab-on-chip applications,” Master thesis, Department of Signals, 
Sensors and Systems, Royal Institute of Technology, Stockholm, 
2005. 
[2] D. Schimelman, “Tiny pumps drive portable medical devices,” World 
Pumps, vol. 2008, no. 503, pp. 22-25, August 2008.  
[3] H.K. Ma, B.R. Hou, H.Y. Wu, C.Y. Lin, J.J. Gao, and M.C. Kou, 
“Development and application of a diaphragm micro-pump with 
piezoelectric device,” Microsystem Technologies, vol. 14 ,  no. 7, pp. 
1001-1007, 2008. 
[4] T. Pan, E. Kai, M. Stay, V. Barocas, and B. Ziaie, “A magnetically 
driven PDMS peristaltic micropump,” Proceedings of the 26th Annual 
International Conference of the IEEE EMBS, San Francisco, CA, 
USA, pp. 2639-2642, September 1-5, 2004. 
[5] X. Wanga, S. Wanga, B. Gendhara, C. Chenga, C.K. Byuna, G. Lia, 
M. Zhaoa, and S. Liu, “Electroosmotic pumps for microflow 
analysis,” TrAC Trends in Analytical Chemistry, vol. 28, no. 1, pp. 
64-74, January, 2009. 
[6] D.J. Laser and J.G. Santiago “A review of micropumps,” Journal of 
Micromechanics Microengineering,  vol. 14, pp. R35–R64, 2004. 
[7] Hargraves Fluidics (2009). Hargraves Fluidics Systems [Online]. 
Available: http://www.hargravesfluidics.com/ 
[8] E. Stemme and G. Stemme, “A valveless diffuser/nozzle-based fluid 
pump,” Sensors and Actuators A: Physical, vol. 39, no. 2, pp. 
159-167, November 1993.  
[9] J.M. Berg, R. Andersona, M. Anayaa, B. Lahlouhb, M. Holtzb, and T. 
Dallas, “A two-stage discrete peristaltic micropump,” Sensors and 
Actuators A: Physical, vol. 104, no. 1, pp. 6-10, 15 March, 2003. 
[10] L.-S. Jang, Y.-J. Li, S.-J. Lin, Y.-C. Hsu, W.-S. Yao, M.-C. Tsai, and 
C.-C. Hou, “ A stand-alone peristaltic micropump based on 
piezoelectric actuation,” Biomedical Microdevices, vol. 9, no. 2, pp. 
185-194, April, 2007. 
[11] L. Chen, J. Choo, and B. Yan, “The microfabricated electrokinetic 
pump: a potential promising drug delivery technique,” Expert Opinion 
on Drug Delivery, vol. 4, no. 2, pp. 119-129, March 2007. 
[12] J. Wu, “Interactions of electrical fields with fluids: 
laboratory-on-a-chip applications,” IET Nanobiotechnol, vol. 2, no. 1, 
pp. 14-27, March, 2008. 
